flashes at opposite edges of the computer screen (see Supplementary Information).
We also investigated the possibility that the offset-matched flash appears brighter (or perhaps more salient) because attention shifts to it. However, attention shifts are slow (,200-300 ms, ref. 8) , whereas the brief flash appears and disappears within 56 ms. Nonetheless, we manipulated the contrast polarity of the background to test the attentional explanation. When the background was brighter than the flashes, the offset-matched brief flash appeared dimmer, not brighter, than the onset-matched flash ( Fig. 2d ; t ¼ 22.2, P ¼ 0.026). More importantly, when the background and flashes were made equiluminant, observers perceived no significant brightness illusion, arguing against a salience-enhancing attentional shift ( Fig. 2d ; t ¼ 20.58, P ¼ 0.28).
Spatial interactions in brightness perception are well known 1, 2 but provide an incomplete description; the TCE shows that brightness is influenced by temporal context as well. Our results further show a surprising juxtaposition of facts: first, that information encoded about the brightness of stimuli changes over time, such that the appearance of physically identical brief flashes compared to a persisting long flash varies as a function of stimulus onset asynchrony (Fig. 1c) ; and yet, second, the perceived brightness of a long flash remains constant over time (Fig. 2a ). This indicates that brightness encoding might involve at least two neural populations: one with an adapting response that diminishes over time, and the other with a downstream response that assigns brightness labels to objects and does not adapt. We propose that the TCE arises from an interaction between these non-adapting and adapting encodings. In our model, activity in the non-adapting population remains constant-thereby encoding an unchanging label-even while its input from the adapting population diminishes (Supplementary Fig. S1 ; for an example of such hysteresis, see ref. 9). The hypothesis that some neurons maintain a brightness label is consistent with the idea that the brain strives to monitor the external world undistracted by predictable changes in its own physiology. The activity of some neurons in primary visual cortex is correlated with brightness; that is, the firing rate varies as a function of surrounding luminance, even as the luminance in the receptive field remains unchanged [10] [11] [12] [13] [14] . The activity of these brightness-responsive neurons adapts with time: the firing rates peak after 100 ms and then drop off precipitously 14 . This decrease in firing is consistent with an adapting population, although in some circumstances the later part of the spike train may correspond to the response of a non-adapting population 14 . This raises the possibility that the two encodings could be multiplexed into the same population of cells in V1. The TCE separates the physical measure of luminance and the perceptual quality of brightness (which typically co-vary) and offers a new approach for examining the neural coding of brightness.
A
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Correspondence To understand the computations performed by the input layers of cortical structures, it is essential to determine the relationship between sensory-evoked synaptic input and the resulting pattern of output spikes. In the cerebellum, granule cells constitute the input layer, translating mossy fibre signals into parallel fibre input to Purkinje cells 1 . Until now, their small size and dense packing 1,2 have precluded recordings from individual granule cells in vivo. Here we use whole-cell patch-clamp recordings to show the relationship between mossy fibre synaptic currents evoked by somatosensory stimulation and the resulting granule cell output patterns. Granule cells exhibited a low ongoing firing rate, due in part to dampening of excitability by a tonic inhibitory conductance mediated by GABA A (g-aminobutyric acid type A) receptors. Sensory stimulation produced bursts of mossy fibre excitatory postsynaptic currents (EPSCs) that summate to trigger bursts of spikes. Notably, these spike bursts were evoked by only a few quantal EPSCs, and yet spontaneous mossy fibre inputs triggered spikes only when inhibition was reduced. Our results reveal that the input layer of the cerebellum balances exquisite sensitivity with a high signal-to-noise ratio. Granule cell bursts are optimally suited to trigger glutamate receptor activation [3] [4] [5] and plasticity [6] [7] [8] at parallel fibre synapses, providing a link between input representation and memory storage in the cerebellum.
Cerebellar granule cells are the smallest and most numerous neurons in the mammalian brain and have a simple morphology with an average of only four short dendrites 1, 2 , each dendrite receiving a single excitatory mossy fibre input. Each granule cell also receives inhibitory input from one or two Golgi cells 1,2 , the major granular layer interneuron (Fig. 1a) . The combination of such a small number of inputs to an electrotonically compact structure 9,10 provides an ideal model in which to study synaptic integration in vivo. To investigate input-output transformations during sensory activation, we made whole-cell patch-clamp recordings from granule cells in crus I and IIa of the cerebellar cortex, regions that produce strong multiunit and field responses during tactile stimulation of the vibrissae and the lip area in anaesthetized rats [11] [12] [13] . Granule cells were identified by their depth (.400 mm from the pial surface) and their characteristic electrophysiological properties (high input resistance (1.1^0.1 GQ at rest, n ¼ 62 cells), small capacitance (#5 pF) and fast membrane time constant (t ¼ 6.9^0.7 ms, n ¼ 49; refs 9, 14, 15)). Granule cells exhibited a resting membrane potential of 264^1 mV (24^1 mV hyperpolarized to threshold, n ¼ 75; Fig. 1b ) and strong inward rectification (Fig. 1c) , with input resistance nearly doubling when depolarizing from 275 to 250 mV (ratio 1.9^0.1, n ¼ 17). Firing frequencies of up to 250 Hz were observed with little or no accommodation (accommodation ratio ¼ 0.9^0.1, n ¼ 11) in response to strong depolarizing current pulses (Fig. 1d) . These properties are consistent with those described for granule cells in vitro [14] [15] [16] [17] . Granule cells exhibited a low firing rate in vivo, with the mean spontaneous firing rate in the absence of holding current being 0.5^0.2 Hz (n ¼ 46). This low firing rate may reflect low excitatory drive or strong inhibition. To investigate synaptic input to granule cells in vivo, voltage-clamp recordings were made at 270 or 0 mV (the reversal potentials for GABA A and AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor-mediated currents, respectively). At 270 mV, spontaneous EPSCs sensitive to the AMPA receptor antagonist NBQX were recorded at a frequency of 4^1 Hz (amplitude 28.7^1.1 pA, n ¼ 10). At 0 mV, spontaneous inhibitory postsynaptic currents (IPSCs) sensitive to the selective GABA A receptor blocker gabazine (SR95531) were observed at a frequency of 5^1 Hz (amplitude ¼ 9.6^2.7 pA, n ¼ 10). In addition to blocking IPSCs (Fig. 1e) , gabazine also produced a significant reduction in the baseline holding current (P , 0.001, n ¼ 11), an increase in input resistance measured at 260 mV (1.3^0.5 to 2.5^0.4 GQ, P , 0.01, n ¼ 6) and a depolarization of resting potential (3.8^1.4 mV, P , 0.05, n ¼ 7). This indicates that a tonic GABA A receptor-mediated conductance 15, 16, 18, 19 , due to persistent activation of extrasynaptic high-affinity GABA receptors 15, 20 , is present in vivo. This conductance had a powerful impact on the input-output function of granule cells in vivo, with gabazine producing a significant shift in the spike frequency-current (f-I) relationship (P , 0.01, n ¼ 3; Fig. 1f, g ) and increasing spontaneous mossy fibre excitatory postsynaptic potential (EPSP) amplitudes (P , 0.02, n ¼ 4; Fig. 2a) . As a consequence, during blocking of tonic inhibition, single EPSPs were on occasion capable of triggering action potentials ( Fig. 2a; n ¼ 4) , with spontaneous firing rate increasing by an order of magnitude (Fig. 2b, c) . Thus, spontaneous mossy fibre input is normally insufficient to trigger spike output owing in part to dampening of excitability by tonic inhibition. However, when tonic inhibition is reduced, unitary inputs are capable of driving granule cell output.
The input-output relationship of granule cells in response to physiologically relevant stimuli is unknown. We used air-puff stimulation of the vibrissae (or other facial regions; for example, upper lip) to evoke mossy fibre input to granule cells [11] [12] [13] . Sensory stimulation evoked excitatory responses in 14 granule cells (only one of which demonstrated both evoked EPSCs and IPSCs). The latency of EPSCs from the onset of the stimulus was 40^6 ms (range ¼ 9-75 ms, n ¼ 10), consistent with a predominantly corticopontine origin of evoked mossy fibre activity 13 . Evoked EPSCs usually occurred in high-frequency bursts (defined as synaptic events with intercurrent intervals ,50 ms; average 3.2^0.5 EPSCs at 75^19 Hz, n ¼ 10; see Fig. 3a, c, e) . EPSCs within the burst were highly irregular (coefficient of variation of evoked EPSC intervals ¼ 0.82^0.07, n ¼ 5). Sensory stimulation produced action potentials in seven out of ten whole-cell recordings where evoked responses were observed, with the most common discharge pattern consisting of a burst of several action potentials (3.3^0.2 action potentials, n ¼ 7, including two cell-attached recordings; Fig. 3b, d, f) . The mean frequency of action potentials within evoked bursts was 77^12 Hz, with maximal instantaneous frequencies being as high as 250 Hz (mean ¼ 163^19 Hz, n ¼ 7). Changing stimulus duration did not significantly affect the pattern of bursting responses (action potential number, F (3,136) ¼ 2.3, P . 0.05; action potential frequency, F (3,97) ¼ 0.6, P . 0.05; one-way analysis of variance, n ¼ 3 cells for 30-300 ms duration).
To investigate the origin of individual evoked currents, we compared the amplitudes of spontaneous EPSCs, which presumably reflect release from single mossy fibre boutons, with those evoked by sensory stimulation. The similarity in amplitude distributions of these two populations of EPSCs ( Fig. 4a, b ; mean 28.9^1.0 pA and 27.9^0.6 pA at 270 mV for spontaneous and evoked EPSCs, respectively; P ¼ 0.28, Kolmogorov-Smirnov test) indicates that individual evoked EPSCs originate from a single mossy fibre, with evoked EPSC bursts resulting from either a burst in a single presynaptic mossy fibre 21, 22 or asynchronous activation of multiple mossy fibres. To determine the contribution of single quanta, we isolated miniature EPSCs by applying tetrodotoxin (TTX). Remarkably, this did not significantly change the amplitude distribution of EPSCs compared to control (Fig. 4c, d ; mean amplitudes 28.6^0.4 pA and 28.1^0.3 pA for spontaneous and miniature EPSCs, respectively; n ¼ 4, P ¼ 0.77, Kolmogorov-Smirnov test). The similarity of miniature spontaneous and evoked EPSCs indicates that release probability at mossy fibre synapses is likely to be low, and that sensory stimulation evokes bursts of EPSCs that each are composed of only one or two quanta.
To explore the link between the bursting pattern of mossy fibre EPSC inputs and bursting output, we compared spiking responses to different temporal patterns of EPSC waveforms injected into the granule cell in vivo. A burst of three EPSCs at 80 Hz produced a burst of action potentials that could not be evoked by a single EPSC with the same charge integral (2.9^0.2 versus 1.5^0.3 action potentials, respectively, P , 0.001, unpaired t-test, n ¼ 4; Supplementary Fig. 1 ). This provides direct evidence that the temporally distributed pattern of input promotes burst firing in granule cells. Burst firing will be enhanced further by the nonlinear properties of synaptic integration exhibited by granule cells, which include NMDA receptor and persistent sodium channel activation 14, 17 . Nonlinearities also contribute to integration in vivo, with depolarization from 260 mV to 250 mV producing a 1.6-fold increase in the integral of spontaneous EPSPs (P , 0.05, n ¼ 8; Supplementary  Fig. 2) .
In a few granule cells, we were able to record both evoked EPSCs and action potentials in the same cells, allowing us to directly relate mossy fibre input to action potential output ( Fig. 4e; n ¼ 5 ). These experiments demonstrate that the number of output action potentials is intimately linked to the number of input EPSCs. On average, the EPSC/action potential relationship falls below the unity line, indicating that EPSP summation is required to generate spiking. This could be observed directly in some experiments, where action potentials usually occurred only after summation of two or more EPSPs (Fig. 4f) .
We have taken advantage of the highly favourable anatomical and physiological properties of the cerebellar granule cell to investigate directly single-cell input-output computations in a cortical input layer in vivo. Our findings provide the first direct evidence in support of theoretical predictions that the spontaneous firing rate of granule cells in vivo is low, which will increase the number of distinct patterns of input that can be represented by the cerebellar cortex 23, 24 . Low firing rates are ensured by a hyperpolarized membrane potential and a tonic GABAergic conductance. We show that this conductance regulates the transformation of mossy fibre input into granule cell output, such that when tonic inhibition is reduced (as may occur after nitric oxide release 25 or changes in steroid levels 20 ) , information arriving via a single mossy fibre action potential can be transferred through the granule cell layer. This is a critical requirement if the network is to remain sensitive to low levels of afferent activity 23 . Our finding that bursts of action potentials in granule cells are triggered by clustered sensory-evoked mossy fibre EPSCs complements and enhances existing theories of cerebellar function 23, 24 that propose that the granule cell layer is a low-noise sparse coding system. This burst-to-burst sequence ensures that granule cells reliably relay sensory-evoked mossy fibre signals, whereas events not associated with sensory stimulation are filtered out. Bursting thus further enhances the signal-to-noise ratio for transfer of sensory information in an input layer exhibiting low firing rates [26] [27] [28] [29] . We demonstrate that the bursting pattern of granule cell discharge is due to temporally distributed synaptic input. Notably, these clusters of EPSCs are composed of only a small number of quanta, indicating that granule cells are highly sensitive to individual quanta when they are temporally correlated by sensory input. This relay can therefore approach maximal sensitivity (that is, one quantum) depending on tonic inhibition and levels of mossy fibre input 23 . Bursts in granule cells have special relevance for the cerebellar network, as the downstream synapses made onto Purkinje cells show frequency-dependent facilitation of transmitter release 3, 5 and glutamate receptor activation 4 , suggesting that granule cell bursting will be nonlinearly amplified at the next synaptic relay 27 . This will enhance postsynaptic activation of Purkinje cells through both ascending branch 30 and parallel fibre synapses, with the duration of the burst offering a relatively broad window for postsynaptic coincidence detection. Because induction of synaptic plasticity at these synapses is also highly frequency-dependent [6] [7] [8] 
